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Intrinsic magnetic van der Waals (vdW) materials have attracted much attention, especially
Fe3GeTe2 (FGT), which exhibits highly tunable properties. However, despite vast efforts, there are
still several challenging issues to be resolved. Here using a first-principles linear-response approach,
we carry out comprehensive investigation of both bulk and monolayer FGT. We find that although
the magnetic exchange interactions in FGT are frustrated, our Monte Carlo simulations agree with
the total energy calculations, confirming that the ground state of bulk FGT is indeed ferromagnetic
(FM). A tiny electron doping reduces the magnetic frustration, resulting in significant increasing
of the Curie temperature. We also calculate the spin-wave dispersion, and find a small spin gap as
well as a nearly flat band in the magnon spectra. These features can be used to compare with the
future neutron scattering measurement and finally clarify the microscopic magnetic mechanism in
this two-dimensional family materials.
PACS numbers:
Introduction: The searching for two-dimensional (2D)
materials with novel properties has been driven by
continuous development of modern devices applications.
Recently, 2D ferromagnetic (FM) materials, such as,
Cr2Ge2Te6,
1 CrI3,
2 and Fe3GeTe2 (FGT)
3 have been
fabricated, which have attracted great attention, because
of their potential applications in spintronic devices,
as well as fundamental interests in low dimensional
magnetisms. Among the known 2D FM materials, FGT
is of special interests,3–7 because it is the only metallic 2D
FM material synthesized so far. Moreover, the thin layer
FGT displays novel gate-controlled properties.3 Its rich
physics due to the coupling between the charge and spin
degree of freedom as well as the potential applications
as FM electrodes in spintronic devices attracted a lot of
research attentions.3–21
Bulk FGT is a layered van der Waals crystal, and the
ground state of the system had been proposed as FM
by various experiments.3,4,11,16,22,23 A high out-of-plane
magnetocrystalline anisotropy had been suggested.11,24
Very recently, experiments demonstrated that FGT may
retain FM order even down to the atomically thin
monolayer with a relatively high transition temperature,
about 130 K.4 Remarkably, the transition temperature
of a tri-layer FGT can be elevated to room temperature
by gate-controlled electron doping.3 However, there are
also experimental and theoretical works17,25 emphasize
the competing and coexisting FM and anti-ferromagnetic
(AFM) states in this materials, and the role of Fe-defect
and electron doping had also been discussed.25 To clarify
the intrinsic magnetic order in the stoichiometric FGT
is an important issue. Furthermore, usually an small
carrier doping cannot change the magnetic properties
significantly. Therefore to understand the microscopic
mechanism response to the strong enhancement of Curie
temperature induced by an ionic gate is of great impor-
tance for the potential voltage-controlled magnetoelec-
tronics based on atomically thin van der Waals crystals.
In this letter, we carry out comprehensive first-
principles studies of the magnetic properties for both
bulk and monolayer FGTs, as well as the effects of
the electron doping on monolayer FGTs. The linear-
response calculations reveal that the magnetic exchange
interactions are geometrically frustrated within each
Fe plane, whereas the inter-plane magnetic exchange
interaction are strongly FM. There are also competing
magnetic exchange interactions between the top and
bottom monolayer in a FGT unit cell. The Monte Carlo
simulations based on the obtained magnetic exchange
interactions predict a FM ground state for bulk FGT,
which confirms the total energy calculations. The
estimated high Tcs are in good agreement with the
experiments.3,4,11,16,22,26 Electron doping may reduce
the frustration of the magnetic exchange interactions,
resulting in significant enhancement of the Curie
temperature, which might explain the gate-tunable
room-temperature FM observed in recent experiment.3
The calculation details are given in the Supplement
Materials (SM).27
Bulk FGT: The bulk FGT has space group P63/mmc
(No. 194).11,26 The unit cell of FGT contains two mono-
layers, and in each monolayer, the Fe3Ge heterometallic
slab is sandwiched between two Te planes. Figure 1
depicts the iron atoms in a FGT unit cell. There are
2FIG. 1: (Color online) (a) The Fe atoms in a unite cell of bulk
FGT. There are two types of Fe ions. Type I Fe ions (Fe1 -
Fe4) are in blue, whereas the Type II Fe ions (Fe5, Fe6) are
in red. (b) Top view of the Fe atoms in a monolayer FGT.
The Fe1 and Fe5 ions form triangular lattice respectively.
six iron planes in a unit cell, and each plane contains
an equivalent Fe ion, forming a triangular lattice. These
Fe ions are labeled as Fe1 - Fe6, respectively. There are
two types of Fe ions26: Fe1 - Fe4 located at 4e Wyckoff
position, while Fe5, Fe6 occupy 2c Wyckoff position.
Most experiments support that the ground state of
FGT is FM.3,4,11,16,22,23 However, there are also some
experiments and theories favoring of a AFM ground
state,17,25 i.e., within the top (down) monolayer, the
Fe ions are FM, but between the top and down mono-
layer, the spins are anti-parallel. To clarify the magnetic
ground state of bulk FGT, we first compare the total
energies of the FM and AFM state. Our results show
that the ground state magnetic structure actually depend
on the value of Coulomb U . The pure LSDA calculation,
namely U=0, predicts a AFM order, However, once a
reasonable U (U > 2.5 eV) had been adopted, LSDA+U
always suggests the FM state as more stable than
AFM state (see Appendix for more details). We note
that in Refs.17,25, the AFM ground were predicted
by comparing the total energy of the FM and AFM
states. However, the Coulomb U were ignored in their
calculations.
While the magnetic moment from LSDA+U calcula-
tion for the FM spin ordering is in good agreements with
the experiments, our calculations reveal that magnetic
moments of Fe ions depend strongly on the magnetic
configurations. For example, when we force the magnetic
ground state to be a in-plane AFM order (i.e., FM
along c-axis and AFM along a and b-axis), the magnetic
moments reduce from 1.6 µB of FM ordering to about 0.9
µB. This indicates the itinerant nature of the magnetism.
Having shown that the ground state of bulk FGT is FM
for different LSDA+U schemes with reasonable U values,
we now further confirm it by magnetic exchange inter-
actions. Because different magnetic configurations show
different magnetic moments, thus the calculated total en-
ergy differences between various magnetic ordering come
not only from the magnetic exchange interaction energies
but also from magnetization energies. Consequently,
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FIG. 2: (Color online) The major exchange interactions (a)
J12, (b)J15, (c)J11, and (d) J55 in bulk (red circles) and
monolayer (blue triangles) FGT as functions the distances
between two spins.
the traditional method to fit Js to the total energy
differences between various magnetic configurations is
not suitable here. Instead we evaluate the magnetic
exchange interactions J(q) by using a linear–response
approach.28
The exchange interactions are first calculated in the
q-space, and Fourier transferred to the real space. We
calculated all exchange interactions, including 12 sets
Ji,j(∆R) of intra-layer interactions (i.e., the i-th and j-
th Fe ions belong to the same monolayer) and 9 sets of
inter-layer interactions (the i-th and j-th Fe ions belong
to different monolayers). Here, ∆R=Rj-Ri, whereasRi,
and Rj are the unit cell vectors of the i-th and j-th
spins. The selected exchange interactions as functions
of distance between two spins are shown in Fig. 2. Most
exchange interactions fall to small (but non-zero) values
if the distances are larger than 10 A˚. In Table S1 of the
SM,27 we list 23 largest exchange interactions.
The exchange interactions in FGT are rather compli-
cated. We first consider the magnetic structures of the
bottom monolayer, where the top monolayer has exactly
the same magnetic structure and exchange interactions
by symmetry. The bottom monolayer contains three
planes of Fe ions, and in each plane the Fe ions form
a triangular lattice [see Fig. 1(b)]. The exchange interac-
tions between the nearest neighbor (NN) in-plane irons,
J1,1=0.69 meV, J5,5= 0.94 meV are all AFM. This is a
typical geometrically frustrated spin system, where the
FM state is unstable if only the intra-plane interactions
are considered.
The interactions between Fe1 and Fe2, J1,2=-20.15
meV are strongly FM, which ensure that the spins of
Fe1 (Fe3) and Fe2 (Fe4) ions aline parallel to each
other. However, this does not guarantee the full lattice is
FM, due to the intra-plane frustrated interactions (J11,
J22 and J55) discussed above. Crucially, the exchange
interactions J25=J15=-15.89 meV are FM, which force
the spins of all three nearest Fe1, and Fe2 ions in the
3triangle are all parallel to that of Fe5 ions, and thus
stabilize the FM state. As it will be shown in this work,
that the frustrated spin interactions play crucial role in
tuning the Curie temperatures.
Having understand the FM state in a monolayer, we
now turn to the coupling between the top and bottom
monolayers. Interestingly, the NN inter-layer exchange
interaction between two monolayers, J2,3(∆R=0)=0.32
meV, which seems imply that the spins of the top
and bottom monolayers should have opposite directions,
i.e., AFM. However, the next-nearest spin interaction
J5,6(∆R=0)=-0.60 meV is FM and even stronger than
J2,3 against intuition. Furthermore, as shown in Table
S1, the number of equivalent exchange interactions for
J2,3 and J5,6 are 2, 6 respectively. Therefore, the FM
coupling between the two monolayers is stronger than the
AFM coupling. Overall the ground state calculated from
the Heisenberg model [see Eq. (1) below] is FM instead
of AFM, confirming the direct total energy calculations.
Although the magnetism is quite itinerant and the
Stoner excitation may be strong here, we still use the
following Heisenberg model to estimate the magnetic
transition temperature and the magnetic phase diagram3
H =
∑
i<j
JijSi · Sj +
∑
i
A(Szi )
2, (1)
where A is the magnetic anisotropy energy (MAE). We
adopt L×L×L spuercells with L=8 - 14 in our re-MC
simulations.29 It is well known that the MAE depend
strongly on the Coulomb U ,30 and for this materials
various calculations and experiments show that the MAE
of FGT ranges from 0.34 –1.58 meV/Fe ion.3,11,12,14,24
To avoid ambiguity we use the MAE as a parameter
in the following simulations. Figure 3(a) depicts the
magnetization and magnetic susceptibility of the L=12
lattice, where the MAE is chosen to be 0.34 meV/Fe
ion.24 The calculated FM Curie temperature for this
lattice is around 191 K. The insert of the figure shows
the Curie temperature as a function of inverse lattice
size 1/L, where the transition temperature increases with
increasing lattice sizes. We perform finite size scaling
to the Curie temperature and obtain Tc=205 K in the
thermodynamic limit, which is in excellent agreements
with the experimental values 200 - 230 K.3,4,11,16,22,26
We also exam how the MAE affects the transition
temperature for the L=12 lattice. As shown in Fig. S2 of
SM,27 the transition temperature increases a small mount
with the increasing of MAE as expected.
Monolayer FGT: The monolayer FGT is phase
stable,3,4,14 and can maintain the long range FM order
at reduced temperature ∼ 130 K comparing to about
200 K in bulk FGT.3,4,26 We calculate the exchange
interactions in the monolayer FGT (i.e., half of the unit
cell shown in Fig. 1), and the results are shown in Fig. 2
(blue triangles). More details are listed in Table S2 in
SM. We find that the exchange interactions in monolayer
FGT only change slightly compared with their counter
FIG. 3: (Color online) The calculated susceptibility (blue
dots) and magnetization (red triangles) as functions of
temperature for (a) bulk FGT, simulated on a 12×12×12
lattice and (b) monolayer FGT, simulated on a 36×36 lattice.
The MAE is taken to be 0.34 meV/Fe ion. The inserts depict
the transition temperatures Tc as functions of 1/L.
parts in bulk FGT. The first nearest neighbor exchange
interaction value in monolayer FGT is J1,2=-23.82 meV
which is slightly stronger than that (-20.15 meV) in bulk
FGT. J1,5 = -15.52 meV, which is approximately equal
to -15.89 meV in bulk FGT. However, J5,5=2.50 meV,
which is about three times of that (0.94 meV) in bulk
FGT. Also we have J1,1=J2,2=1.12 meV, which is about
two times of 0.69 meV in bulk FGT. Still J1,5 is more
than six times larger than J1,1 and J5,5 which ensures
the FM ground state in the monolayer FGT.
We simulate the magnetic phase diagram of the mono-
layer FGT. Figure 3(b) depicts the magnetization and
magnetic susceptibility as functions of temperature for
a 36×36 lattice. Same as the bulk case, the MAE is
set to 0.34 meV/Fe ion. The Curie temperature for
these parameters are around 159 K. Interestingly, as
shown in the insert of the figure, the Curie temperature
deceases with the increasing size of lattice, in contrast
to bulk cases. In the thermodynamic limit, the Curie
temperature is 152 K, which is in close agreement with
the experimental values 130 K.4 We also investigate how
the MAE change the Curie temperature. As shown in
Fig.S2 of SM,27 the Curie temperature also increase only
slightly with the increasing MAE in monolayer FGT.
Electron doping: One of the most fascinating exper-
iments in this material is that the Curie temperature
4can be effectively tuned by electron doping. It has been
demonstrated that the magnetic transition temperature
of a tri-layer FGT can be change from about 100 K
to 300 K via electron doping.3 To understand this is
of great importance both in fundamental science and
potential applications. We use the background electron
approximate method to dope electron to a monolayer
FGT, i.e., the surplus charges are compensated by the
positive uniform background charges.31 We calculate
the exchange interactions under electron doping, and
simulate the transition temperatures on a 36×36 lattice
by using re-MC method.29 The transition temperature
as a function of the electron doping level is shown in
Fig. 4(a). The transition temperature goes down first and
then goes up with the increasing of doping, in agreement
with the experiment.3 Increasing electron doping levels
from 0 to 0.65 ×1014 e/cm2, the transition temperature
decreases from 159 K to about 93 K. Remarkably,
further increase the electron doping level, the transition
temperature increases rapidly from the lowest 93 K to
about 175 K at 1.30×1014 e/cm2 electron doping.
What causes the drastic change of Curie temperature
by electron doping? We first check the magnetic mo-
ments under electron doping. As shown in Table S3 in
SM,27 the magnetic moments of Fe1 and Fe2 ions are
almost unchanged under different doping level, whereas
the magnetic moments of Fe5 ions increases slightly and
monotonically with the increasing of electron doping
level, from 1.53 µB at zero doping to 1.79 µB at about
1.30×1014 e/cm2 doping. The above results also suggest
that the electron doping mainly affects the middle Fe5
plane (see Fig. 1). However, the small and monotonic
change of the magnetic moments could not account
for the first decreasing then drastic increasing of Curie
temperature.
We then look at the exchange interactions under
the electron doping. There are four non-equivalent of
exchange interactions in the mono-layer FGT: J12, J15,
J11 and J55. We show the change of these Js at
δ=0.65 ×1014 e/cm2 (red circles) and 1.30×1014 e/cm2
(blue triangles) relative to the values at zero doping in
Fig. 4(b-e), which corresponding to the lowest Curie and
highest Curie temperatures respectively. To exam which
interactions cause the drop of Tc at δ=0.65 ×10
14 e/cm2,
we perform MC simulations by using the values Js at
this doping level one by one, while fix the values other
Js at zero doping. The analyses show J55 contribute
most (about 29 K) to the decreasing of Tc, whereas J15
contribute about 14 K. These results are consistent with
the change of Js shown in Fig. 4, in which we see that
all J55 become larger (i.e., less FM) at δ=0.65 ×10
14
e/cm2. For example, the FM interaction of the third
neighboring J55 reduces from -0.92 meV to -0.46 meV,
which contributes about 11 K to the decrease of Tc.
The most interesting result is that Tc jump quickly
from 93 K to about 175 K from electron doping
δ=0.65×1014 e/cm2 to δ=1.30×1014 e/cm2. At this
range of doping, we see the geometrically frustrated
FIG. 4: (Color online) (a) Transition temperature as a
function of electron doping level. (b) δJ12, (c) δJ15, (d) δJ11,
(e) δJ55 are the change of exchange interactions relative to
the values at zero doping at electron doping δ=0.65 and 1.30
×1014e/cm2.
NN J55 [see Fig.4(e)] reduce “dramatically” from about
2.5 meV to about 0.6 meV, which is nearly one fourth
of its original values, in accordance with the change of
the transition temperatures. Indeed, MC simulations
show that when we only change the NN J55 from about
2.5 meV to about 0.6 meV, while keep other exchange
interactions at zero electron doping, the transition
temperatures is about 176 K, and if we further use the
second NN J55 at δ=1.30×10
14 e/cm2, Tc increase to 198
K. This result is remarkable, that such small electron
doping and changes of the magnetic interactions can
change the transition temperatures quite dramatically.
We believe this effect should be general for the highly
frustrated systems. It is possible to effectively tune the
Tc by changing the frustrated interactions via various
techniques.
We note the Curie temperature can be tuned in a
much larger temperature range, from around 100 K up
to the room temperature for a tri-layer system.3 As
discussed in previous section, the inter-layer couplings
in FGT are also frustrated. It is possible that the
electron doping also suppresses the inter-layer frustrated
coupling, and enhances the transition temperature. We
leave this problem to future investigations. It is also
possible that the electron doping may change the MAE
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FIG. 5: (Color online) The spin wave spectra of (a) bulk and
(b) monolayer FGT.
energies.12 However, as shown in Fig. S2 in SM,27 the
Curie temperature only change moderately with MAE
energies.
Using the calculated spin model parameters, we also
calculate the magnon spectra of bulk and monolayer FGT
on the basis of the Holstein-Primakoff transformation
and the Fourier transformation. As shown in Fig. 5,
there are three bands in magnetic excitation spectra of
monolayer FGT, and the spin gap is quite small. The
most remarkable feature is the near flat band around 63
meV. With two monolayers in the unit cell, the bulk
FGT has six spin-wave bands. Due to the smallness
of interlayer magnetic coupling (i.e., J23, J56, etc.), the
six bands in bulk FGT can be sorted as three groups,
and each group bands has only very small splitting.
Slightly modified the spin-wave dispersion, electronic
doping do not change the near flat band in the magnon
spectra. These results can be readily compared to future
experiments.
To conclude, we carry out comprehensive investigation
of both bulk and monolayer FGT to clarify several
important issues about this fascinating materials by
first-principles calculations. Both direct total energy
calculations and linear response calculations confirm that
the magnetic ground state of bulk FGT is ferromag-
netic. The reason that previous calculations give AFM
ground state is discussed. We unveil that there are
frustrated magnetic interactions both within the single
layer and between the layers in this compound. The
electron doping mainly affect the middle Fe ion plane
in a monolayer, and tiny electron doping may tune the
frustrated magnetic interactions resulting drastic change
of the Curie temperatures.
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